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Abstract 
 
     The advantages of series capacitor compensation in power system 
practice are discussed. In particular, the voltage profile improvement 
when large induction motors are to be directly supplied from 
distribution systems.   
      The behavior of an induction motor at the end of series 
compensated feeders has been the subject of many research topics. 
Under certain conditions accompanying a starting process, the machine 
may settle into partial speeds much below synchronous with violent 
pulsations around these speeds. This form of instability has been 
described as sub-synchronous resonance (SSR) and the project is 
concerned with an investigation into the causes of the phenomenon.   
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 ﺑﺴﻢ اﷲ اﻟﺮﲪﻦ اﻟﺮﺣﻴﻢ
 
  ﻣﻮﺿﻮع اﻟﺒﺤﺚ
  
    ﻟﻘﺩ ﺘﻡ ﺍﻟﺘﻁﺭﻕ ﻤﻥ ﻗﺒل ﻟﻤﺤﺎﺴﻥ ﺍﻟﻤﻜﺜﻔﺎﺕ ﺍﻟﻤﺘﺼﻠﺔ ﻋﻠﻰ ﺍﻟﺘﻭﺍﻟﻲ ﻓﻲ ﺃﻨﻅﻤﺔ 
ﺍﻟﻘﺩﺭﺓ ﺍﻟﻜﻬﺭﺒﺎﺌﻴﺔ ﻭﻋﻠﻰ ﻭﺠﻪ ﺍﻟﺨﺼﻭﺹ ﺘﻡ ﺍﻟﺘﻁﺭﻕ ﻋﻠﻰ ﺸﻜل ﺍﻟﺘﺤﺴﻥ ﺍﻟﺫﻱ 
ﻤﺒﺎﺸﺭﺓ ﻴﻁﺭﺃ ﻋﻠﻰ ﺍﻟﻔﻭﻟﺘﻴﺔ ﻋﻨﺩ ﺘﻭﺼﻴل ﺍﻟﻤﺤﺭﻜﺎﺕ ﺍﻟﺤﺜﻴﺔ ﺫﺍﺕ ﺍﻟﺴﻌﺎﺕ ﺍﻟﻜﺒﻴﺭﺓ 
  .ﻤﻥ ﺍﻨﻅﻤﺔ ﺍﻟﺘﻭﺯﻴﻊ
   ﺇﻥ ﺴﻠﻭﻙ ﺍﻟﻤﺤﺭﻜﺎﺕ ﺍﻟﺤﺜﻴﺔ ﺍﻟﻤﻭﺼﻠﺔ ﻓﻲ ﻨﻬﺎﻴﺔ ﺍﻟﻤﻐﺫﻴﺎﺕ ﺍﻟﻜﻬﺭﺒﺎﺌﻴﺔ ﺫﺍﺕ 
ﻋﻨﺩ . ﺍﻟﻁﺒﻴﻌﺔ ﺍﻟﺴﻌﻭﻴﺔ ﻜﺎﻥ ﻭﻤﺎﺯﺍل ﻤﺎﺩﺓ ﺘﻨﺎﻭﻟﺘﻬﺎ ﻜﺜﻴﺭ ﻤﻥ ﺍﻟﻤﻭﺍﻀﻴﻊ ﺍﻟﺒﺤﺜﻴﺔ
ﻗﺩ ﺘﺴﺘﻘﺭ ﺍﻟﻤﺎﻜﻴﻨﺔ , ﺘﻭﺍﻓﺭ ﺸﺭﻭﻁ ﻤﻌﻴﻨﺔ ﺘﺘﻌﻠﻕ ﺒﺒﺩﺀ ﺘﺸﻐﻴل ﺘﻠﻙ ﺍﻟﻤﺤﺭﻜﺎﺕ ﺍﻟﺤﺜﻴﺔ
 ﺒﻜﺜﻴﺭ ﻤﻥ ﺴﺭﻋﺎﺘﻬﺎ ﺍﻟﺘﺯﺍﻤﻨﻴﺔ ﻤﺼﺤﻭﺒﺔ ﺒﺈﻫﺘﺯﺍﺯﺍﺕ ﺘﺤﺕ ﺴﺭﻋﺎﺕ ﺠﺯﺌﻴﺔ ﺃﻗل
ﻫﺫﺍ ﺍﻟﻨﻭﻉ ﻤﻥ ﻋﺩﻡ ﺍﻹﺴﺘﻘﺭﺍﺭ ﻋﺭﻑ ﺒﺎﻟﺴﺭﻋﺎﺕ ﺍﻟﺠﺯﺌﻴﺔ . ﺤﻭل ﻫﺫﻩ ﺍﻟﺴﺭﻋﺎﺕ 
  .ﺍﻟﺘﺯﺍﻤﻨﻴﺔ ﻭﻫﺫﺍ ﺍﻟﻤﺸﺭﻭﻉ ﻤﻌﻨﻲ ﺒﺎﻟﺘﺤﻘﻕ ﻓﻲ ﺃﺴﺒﺎﺏ ﻫﺫﻩ ﺍﻟﻅﺎﻫﺭﺓ 
  
  ﻭﺍﷲ ﺍﻟﻤﻭﻓﻕ
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                               Chapter One              
Introduction 
 8
1.1 General 
         An important development in recent years is the increased use of 
large induction motors in light industries, heavy industries and oil 
production fields. In many cases they represent 25% or more of certain 
industrial loads [Appendix 1]. Sudan is now becoming a major user of 
large induction motors, for example GNPOC (Greater Nile Petroleum 
Operating Company) of Sudan imports motors, of ratings ranging from 
hundreds of kilowatts up to some few megawatts. These induction 
motors are mainly used to drive ESPs (Electrical Submersible Pumps). 
As far as now oil becomes one of the most important factors of 
enhancement of Sudan economy in general therefore, the performance 
improvement of induction motors becomes of a great importance. 
         Large induction motors may upset the correct functioning of 
protection circuits and sensitive electronic equipment during starting 
conditions or rapid dynamic load changes. Capacitors are often 
connected in series with induction motor feeders to improve the 
terminal voltage regulation by compensating that part of the feeder 
inductance. Series capacitors are therefore particularly well suited to 
radial circuits which feed loads consisting of voltage sensitive 
equipment and induction motors. 
         Under certain conditions, series capacitor compensation may 
induce unstable oscillations in induction motor systems. It is the 
purpose of this research to provide a clear insight into the mechanism 
behind these unstable sub-synchronous oscillations. 
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1.2   Objective of the project 
           The objective of this research is to investigate the performance 
of an induction motor at the end of a series compensated feeder and the 
techniques that are used to make its operation stable as much as 
possible in the presence of the series capacitors. The investigation has 
been presented and done by making use of an equivalent circuit analysis 
first introduced by C.F.Wagner [1], and experimental results confirming 
the sub-synchronous resonance (SSR) phenomenon are reported. The 
work constitutes an extention of experimental investigations carried out 
during a final-year project in 2003 [2].  
1.3  Shunt and series compensation 
                  Shunt capacitor banks are generally used to improve the receiving 
end power factor and voltage, by neutralizing part of the lagging current 
in the circuit. Thus, they are used to compensate for the inductance of 
the load and are most effective when the load draws a current that is 
substantially constant in magnitude and power factor. Satisfactory 
compensation over the entire load range requires switching capacitor 
banks in or out of the circuit at a relatively slow speed. 
         Series compensation has been extensively used in radial circuits to 
improve the terminal voltage of highly and rapidly fluctuating loads 
such as frequent motor starting, varying motor loads, electric welders, 
and induction furnaces. Series compensation is a must whenever rapid 
variations of load exist, since shunt capacitors, induction regulators, and 
transformers tap changers are too slow to respond. The use of series 
compensation, however, is reported to produce sub-synchronous 
oscillations in synchronous machines and more recently transformer 
banks. At the present, shunt compensation is the most accepted method 
for power factor correction and voltage control for induction machines. 
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Design considerations of these banks are currently based on the steady 
state AC performance. They may not be applicable, however, during 
motor starting or during fast and sudden load fluctuation periods. 
Therefore, design considerations of these banks during starting and 
rapid dynamic changes would be very helpful. 
          Maintaining an acceptable motor terminal voltage and reduction 
of light flicker, however, are becoming increasingly more difficult to 
achieve and designers are turning again to series compensation as an 
alternative solution.     
           Induction motors with series capacitors connected in the supply 
circuit can under certain conditions become unstable. Upon application 
of the voltage the rotor will come up to partial speed and continue to 
rotate at this reduced speed. This phenomenon should not be confused 
with ferro-resonance which is accomplished by violent wave distortion, 
abnormally magnetizing currents, and fluctuations in voltage. The 
motor may lapse into violent oscillations and continue to rotate at a sub-
synchronous speed in oscillatory mode. The source of these oscillations 
is the resonance that occurs in the motor circuit. 
This resonance has a frequency which is a fraction of the synchronous 
frequency and therefore it is referred to as the sub-synchronous 
resonance speed (SSR). 
 
 
 
 
 
 
 
 
 11
1.4  Thesis Layout 
         This thesis consists of six chapters in addition to the introduction 
and appendix. 
          Chapter (2) presents the theoretical background to the prediction 
model of the sub-synchronous resonance (SSR) phenomenon made by 
Wagner [1]. This is based on the conventional per-phase equivalent 
circuit model of the machine. 
        Chapter (3) presents the experimental work conducted on a 
laboratory machine with a balanced set of series capacitors. The 
experimental work consists of two parts; the first part is dedicated to the 
observation of SSR phenomenon in terms of speed, current and voltage 
oscillations. The other part is concerned with the suppression of SSR 
using damping resistors in different configurations. The calculation of 
the latter mentioned combinations above which the motor will not 
remain in stability has been covered by utilizing computer method (Mat 
Lab) for the solution of specific algebraic equations that describe the 
condition of the critical damping. The effects of machine parameters 
variation on the calculated values of shunt, series and combination 
resistances have also been discussed by making use of graphs plotting.  
          Chapter (4) presents the comparison between theoretical and 
experimental results for the base case machine and other cases in which 
the effects of the feeder resistor has been taken into considerations. 
         Chapter (5) presents the graphical plottings of different capacitor 
and resistors combinations putting into consideration the manner in 
which these capacitors are switched. The plottings have been carried 
out with the aid of a Lucas Nulle lab software [6].  
 12
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2.1 Simple Analysis of Series Compensation Problem:  
 Let us consider a circuit consisting of a capacitor, inductor and 
resistor in series. It may originate in two different ways. First, they may 
be forced by an externally applied voltage in which case the frequency 
of the currents corresponds to that of the applied voltage. Second, they 
may flow in accordance with the natural frequency of the circuit. In the 
latter case, the current flows in response to some change in the circuit 
and gradually decays to zero, the rate being dependent to a large extent 
upon the resistance. The smaller the resistances the longer will the 
current persists. If R/s becomes negative and is of such characteristic as 
to just equal the positive resistance, then currents of the natural 
frequency of the circuit flow continuously. This is the kind of condition 
that may exist in an induction motor in which   series capacitors are 
connected in stator circuit. 
 
 
 
 
 
 
 
 
 
 
Figure (2.1) Schematic diagram of induction motor with series 
capacitor 
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 The upper circuit of figure (2.1) shows the conventional 
schematic diagram of an induction motor in which:  
xs = Leakage reactance of the stator.  
xr = Leakage reactance of the rotor.  
rs = Stator resistance  
rr = rotor resistance.  
xc = Capacitive reactance of series capacitor.  
s  = slip, expressed as a fraction of synchronous speed.    
 The loss in the resistor (1-s)rr/s) represents the shaft power.  
The lower circuit is the same as the upper one, except that it is resonant 
for a frequency f time the system frequency. It is assumed that the 
source has zero impedance, and since it has no emf of resonant 
frequency, this point of the circuit is merely represented by a line of 
zero impedance. The speed  increases until it reaches a value equal to 
that corresponding to the synchronous speed associated with frequency 
f. Beyond this speed, its slip, s1, with respect to the synchronous speed 
of the resonant circuit becomes negative, and with regard to this circuit 
the motor begins to function as an induction generator.  
 Since s1 is negative, then the resistor (1-s1)rr/s1) is negative and 
the shaft power, which is represented by the loss in this resistor, is also 
negative. Thus s1 so adjusts itself that the negative resistor (1-s)rr/s1) 
just annuls the effect of the two other positive resistor rs and rr , the 
circuit will self excite and the currents of frequency f time the 
synchronous will flow continuously. The only connection between 
these otherwise independent circuits is the shaft. Power is taken by the 
shaft from the upper circuit and fed back into the lower circuit. The 
current flow in the lower circuit is limited only by the amount of power 
that can be drawn from the upper circuit at the particular speed 
necessary to make the resistance of the lower circuit zero. This power 
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appears as a negative quantity in the branch which represents shaft 
loading and must equal I2R loss in the rs and rr branches of the 
resonating circuit. The actual speed p = wr/ws, of the rotor can be 
expressed in term of both s and s1. Thus the speed is:  
 P=  wr/ws = (1-s) = (1-s1) f…………………….. (2.1)    
From which  
 s= 1- (1-s1) f……………………………………. (2.2) 
2.2 Quantitative Relations 
         Consider next the conditions which must be satisfied to permit 
natural oscillations. The resonant circuit of figure (2.1) must have an 
impedance equal to zero as viewed from any point in the network. It 
will be found more convenient for the present purpose to view the 
circuit from the point in the rotor circuit and accordingly the following 
two equations can be derived:  
 rs2 = - (f2 xM - xc) ( f2 xB - xc) / f2 …………………  (2.3) 
 (s1/rr)2 = 2222 ))(()( fxxxfxxf rmcBcM +−− ………….  (2.4) 
Where  
 xM = xm + xs  
 xB = xs + (xr xm/(xr+xm))  
 
 The two equations represent the two conditions which must be 
satisfied to produce self excitation. The complete derivation of the two 
equations is shown in details in Appendix (2).  
 For a given rs the value of f which satisfies equation (3) 
determines the resonating frequency and equation (2.4) determines the 
corresponding slip and consequently the speed.  
 The figure (2.2) shows the plot of the solution of equation (2.3). 
It is clear that for any rs value there are two resonant frequencies 
corresponding to the upper and lower resonant speed. For values of rs 
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more than 28Ω there is no solution. This indicates that for some value 
of external resistance connected in series with the stator, the sub 
synchronous resonances (SSR) can be suppressed.  
 The parameters used for this plot are those of 3-phase 5kVA 
laboratory induction motor, the parameters of which as obtained in 
Appendix (3) are:  
 rs = 0.6Ω    rr = 1.58Ω  xr = xs = 1.97Ω  xm= 68Ω    
This will be referred to as the base case induction motor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (2.2) Resonating characteristics of the base case induction 
motor 
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Figure (2.3) shows how the slip varies with f, and was obtained from 
the solution of equation (2.4) 
r2+ (69.97f2-9.97) / ((1.914f2-9.97)(69.97f2)) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (2.3) Resonating characteristics of the base case induction 
motor. 
 
2.3 Mechanism of Pull-in and Operating Point:  
 Mechanism of pull-in and operating point during start up 
operation have been described in reference [1] as the point 
corresponding to point p in figure (2.4). The spiral locus represent the 
oscillatory shaft torque corresponding to the oscillatory speed and their 
variations have different combinations in the zones labeled as A, B, C, 
D, E and F.   
   The behavior of the speed in the time domain is represented in 
figure (2.5)  
 18
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2.4 Suppression of sub-synchronous Resonance (SSR) 
 SSR can be suppressed by connecting damping resistor either in 
series with the stator or in parallel with the capacitor. 
2.4.1 Suppression of SSR with a Series Resistor:  
 The graphical solution in figure (2.2) shows that no self-
excitation will occur for a stator resistance above 28Ω. A general 
expression will now be derived for the maximum value of the stator 
resistor which will suppress SSR.  
Using equation (2.3)  
 2222 /)()( fxfxxfr cBcMs −−−=    
By simple manipulation equation (3) can be written as:  
 )()/( 222 McBccBMs xxxxfxxxfr ++−−= − ……………………. (2.5) 
Differentiating both sides w.r.t.f yields  
 2rs (drs/df) = -2 fxM xB + 2 Xc2 f3……………………..  (2.6) 
The condition for maximum rs is  
 drs/df = 0  
then  
 f4 xM XB = Xc2  
fmax = (Xc2/(xMxB) (1/4)…………………………………..(2.7) 
 
 The limiting value of rs (defined as rmax), for all values of 
capacitive reactance may then be found by substituting from equation 
(2.7) into equation (2.3).  
 The sub-synchronous resonance can therefore be suppressed by 
making sure that the stator and feeder resistance exceeds rmax. This can 
be achieved by connecting additional series resistance with the stator 
and feeder. 
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2.4.2 Suppression of SSR with a Shunt Resistance: 
 The previous discussion explains how a suitable value of series 
resistance in the stator circuit would suppress or dampen SSR. It is 
however more practical to use damping resistance in parallel with the 
series capacitors rather than in series with it as show in figure (2.6). 
 
 
 
 
 
 
 
 
 
 The solution for this condition is given in the appendix as a 
quadratic equation which gives the critical value of shunt resistance 
above which the machine runs into unstable mode.  
 The main idea of this method is to shift the resonant frequencies 
out of the normal operation zones.  
 21
 
 
 
 
 
 
 
 
Chapter Three 
Experimental 
Observations 
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 This chapter looks deeper into  the description of the 
experimental test-bed used for observations of the self-excitation 
phenomenon of an induction motor at the end of a series compensated 
feeder.The range of the critical damping shunt  resistors are investigated 
as well.  
 
3.1 Experimental Test-bed 
 
The experimental test-bed consists of Y-connected slip-ring 
induction motor, where the motor specifications are given and details of 
the capacitor bank are shown in Fig (3.1). 
 
3-PHASE SUPPLY
CAPACITOR BANK
INDUCTION MACHINE
HZ KVA r.p.m Voltage (V) Current (A)
50 5 1500 220 20
Fig (3.1)
Experimental 
Test-bed.
 
3.2 Capacitor Bank 
 This consists of single units arranged for 3-phase configurations 
operated using 3-phase switches as shown in figure (3.2). Because of 
the non-availability of identical units, balance conditions are obtained 
as much as possible by connecting approximately equal valued 
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capacitors per stage of the bank. Capacitors rating are 440 V A.C, 50-
60 Hz. 
Supply
voltage
Machine
terminals
C1
SW-1 SW-2 SW-5
C5
-------------------------------
Fig (3.2) capacitor bank with C1=20, C2=75 (3x25), C3=60
(2x30), C4=120 (2x60) and C5=50µF.
 
3.3 Experimental Procedure 
         Three types of voltage, speed and current oscillations damping 
configurations were investigated. Firstly, connection of a pure set of 
series capacitors with the motor stator. The capacitance was then 
increased gradually. Changes and fluctuations in voltage, current and 
speed were recorded respectively. 
         Secondly, a shunt resistor was connected across the capacitor and 
tuned gradually until oscillations in speed, voltage and current were 
obtained. This was repeated for every new preset value of capacitance 
and the damping critical shunt resistance was recorded accordingly and 
tabulated. 
         Thirdly, a series resistor was connected with the capacitors and 
for every preset capacitance value; the series resistor was tuned until 
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oscillations were damped. All critical series resistances were recorded 
and tabulated. 
  
3.4 Experimental Results 
3.4.1 Compensation without damping shunt resistance: 
 Results of the experiment are shown in table (3.1) below. 
Table (3.1) Results of series compensation without damping resistor. 
No Capacitance(µ 
F) 
Starting current 
(A) 
 Voltage (V) Speed 
r.p.m 
1 325 22 380-400 900 
2 265 17 350-360 850 
3 205 11 270-280 825 
4 185 10.25 225-229 815 
5 155 10.25 225-229 815 
 
For the other values of capacitance less than 135 µF the machine can 
not start up. 
When we increased the value of the capacitance, the voltage across the 
machine terminals increased proportionally. If we keep trying to 
increase the value of the capacitance seeking for the stability zone, the 
voltage would reach a value which might be harmful for the machine 
windings insulation. 
3.4.2 Compensation with Damping Shunt Resistance: 
 For a given value of capacitance, a range of shunt resistance 
values were tested for stability, see Fig (3.3, 3.4 & 3.5) .Table 3.3 
contains the tested values of resistance associated with the 
corresponding  capacitance.  
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 Table 3.3 Compensation with Damping Shunt Resistance 
(Experimental Results)  
Capacitance (µ F) Average damping shunt resistance 
(Ω)
325 8.3
265 9.2
205 10.6
185 11.0
160 11.7
155 12.2
135 13.0
125 13.9
110 14.9
95 16.8
80 20.8
70 24.6
50 59.6
 
For al1 tested values of shunt resistance, the starting current was not 
high and the speed had no oscillation, these were observed during the 
experiment. 
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 Fig 3.3 Plot of Speed vs Time at starting = 155 µF, Rsh = 14.5 Ω, (stable 
conditions). 
 
 
 
Fig 3.4 Plot of Speed vs Time at starting = 135 µF, Rsh = 16.2 Ω, (stable 
conditions). 
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Fig 3.5 Plot of Speed vs Time at starting = 110 µF, Rsh = 18.6 Ω, (stable 
conditions). 
 
 
3.4.3  Shunt Resistance Values for Critical Damping 
Fol1owing so many starting trials with different shunt resistance values 
for a given capacitance, it was possible to identify a critical value of 
shunt resistance with each capacitor value, see Fig (3.6). Table 3.2 
shows these critical damping resistances above which the machine runs 
into unstable mode. 
Table (3.2)  
Critical 
shunt 
resistance
 Ω
9.3 9.6 11.1 11.6 12.2 12.6 13.4 14.5 15.5 17.5 21.3 21.5
Capacitance 
µF
325 265 205 185 160 155 135 125 110 95 80 70
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Fig 3.6 Plot of Speed vs Time (at direct starting).Ccr = 155 µF, Rcr = 25.5 Ω, 
(critical condition). 
 
For values of capacitance below 50 µF, the machine maintained its 
stability with increasing of shunt resistance up to a value at which the 
machine abruptly collapse; see Fig (3.7, 3.8 & 3.9). 
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Fig 3.7.Plot of Speed vs Time (at direct starting). C =155 µF, Rsh=45.1 Ω, 
(unstable condition). 
 
 
Fig 3.8 Plot of Speed vs Time (at direct starting). C = 155 µF, Rsh = 114 Ω, 
(unstable condition).. 
A point worth to be mentioned is that the starting current had an 
improvement in term of reduction by using shunt resistance compared 
with its value with and without switching the series capacitor. 
 With the range of experimental set of capacitors available, no 
stable operation was found .It was possible to obtain stability by using 
damping resistors connected in shunt with the capacitors .The range of 
these resistors values was limited by the amount of capacitance 
variations available. 
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Chapter Four    
  Verification of the 
Stabilizing 
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4.1 Critical Damping Shunt Resistance 
The critical value of damping shunt resistance R for a given 
capacitance satisfies the following equation 
 αR4 + βR3 + γR2 + ζR + λ = 0 ……………………………. (4.1) 
Where 
 α = [(1-(xM+ xB) / xc + (xM xB +rs2) /xc2)] 
 β = [2rs] 
 γ  = [1-( xM + xB) / xc + 2(xM xB + rs2) / xc2] xc2 
 ζ = [2 rs xc2] 
 λ = [rs2 + xM xB] xc2 
 The step- by- step derivation of this equation and symbols 
definitions are given in Appendix (5). 
Based on this equation the following information can be extracted: 
4.2 Computations of the damping shunt resistance 
corresponding to all available values of series capacitance. 
Plotting a curve of critical shunt resistor versus capacitive reactance for 
determination of stability limits. 
Plotting a set of curves for investigation of stability limits changes due 
to variations of each machine parameter. 
4.3 Computation of Critical Damping Shunt Resistance 
 The solution of equation(8) for R at particular value of xc gives 
four values of R which may be real, complex conjugate pairs or 
combination of both. Only the positive real values should be considered 
since the resistance must be positive real value. 
 Matlab was used to compute the roots of equation (4.1 ) (R 
values) for every value of available capacitors. 
The values of R resulted from program (included in Appendix (5)) are 
shown in table (4.1) below. 
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Table (4.1) Computation of Critical Damping Shunt Resistance 
Capacitance (µF) Calculated Rs (Ω)
0.0000+9.7942i
0.0000-9.7942i
8.7361325
-8.4120
 
-0.0000+12.0117i
-0.0000-12.0117i
9.3197265
-8.9518
0.0000+15.5273i
0.0000-15.5273i
10.4083205
-9.9516
0.0000+17.2059i
0.0000-17.2059i
10.9651185
-10.4594
0.0000+19.8944i
0.0000-19.8944i
11.8941160
-11.3015
0.0000+20.5361i
0.0000-20.5361i
12.1225155
-11.5075
  
0.0000+23.5785i
0.0000-23.5785i
13.2419135
-12.5114
-0.0000+25.4648i
-0.0000-25.4648i
13.9695125
-13.1590
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0.0000+28.9373i
0.0000-28.9373i
15.3890110
-14.4111
0.0000+33.5062i
0.0000-33.5062i
17.457395
-16.2097
0.0000+39.7887i
0.0000-39.7887i
20.839780
-19.0860
0.0000+45.4728i
0.0000-45.4728i
24.756870
-22.3200
0.0000+63.6620i
0.0000-63.6620i
60.949650
-48.0396
Zero Infinity
 
Matlab was used to plot the curve of R versus xc based on machine 
parameter and the graph is shown in figure (4.1) 
 
 
 
 
 
 
 
 34
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4.1) .plot of Rcr versus xc for the base case induction motor. 
 
Al1 the points above the curve define instability zone 
The values of R below ( 8 Ω ) can stabilize the machine for all 1 values 
of xc .For xc less than approximately (4Ω ),the machine is stable 
irrespective of R values ,this is also true for xc greater than 
approximately ( 70 Ω). 
4.4 Verification of Experimental Results 
The fol1owing table gives the values of critical shunt resistance R 
measured experimental1y and those calculated theoretically using 
Matlab solution of equation (8), corresponding to selected values of 
available capacitance,see able (4.2) below. 
Table (4.2). Verification of Experimental Results 
Capacitance (µ F) Experimental R (Ω) Calculated R (Ω) 
325 8.3333 8.7361
265 9.0000 9.3197
205 10.60000 10.4083
185 10.9667 10.9651
160 11.73333 11.8941
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155 12.23333 12.1225
135 12.9667 13.2419
125 13.9333 13.9695
110 14.9667 15.3890
95 16.9000 17.4573
80 20.8333 20.8397
70 24.6000 24.7568
50 59.7000 60.9496
 
 
For the capacitance values less than 70 µF, the solution of equation 
(4.1) results in complex conjugate pairs, which indicates that the values 
of critical shunt resistance are not defined .Experimentally, this was 
observed as stable operation of the machine or entirely collapse by 
gradual increasing of the shunt resistance. 
 The difference between experimental and theoretical values may 
be attributed to: 
a)  Feeder impedance which was not taken into account in the 
calculation. 
b) The threshold of stability was not accurately observed because of 
using of ammeter, voltmeter and tachometer instead of an oscillograph. 
4.5     The Influence of Machine Parameters on the Stability 
Limits 
 An induction motor has four important parameters that their 
variation affects the shape of R versus xc curves and hence stability 
limits. 
Influence of the magnetizing reactance (xm):see Appendix (4)  
Table (4.3 a,b,c….k) , see Appendix (4). 
Matlab was used to plot sets of curves; each set is corresponding to one 
parameter variation .The complete sets are shown in figure (4.2) 
through (4.5). 
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4.5 Influence of Feeder Parameters on the Stability Limits 
 The influence of line parameters is shown with respect to resistance 
only making use of the balanced resistor bank available .The results are 
summarized in tables (4.5a, b.c, d, e.f & g) below. 
Table (4.5a) Influence of Feeder Parameters 
Stator resistance (Ω)  Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.3333
265 9.20000
205 10.6000
185 10.9667
160 11.7333
155 12.2333
135 12.9667
125 13.9333
110 14.9667
95 16.9000
80 20.8333
70 24.6000
0.6
50 59.7000
 
Table (4.5b) Influence of Feeder Parameters 
Stator resistance (Ω) Capacitance (µ F) Shunt resistance R 
(Ω)
325 9.3
265 10.1
205 11.2
185 11.9
160 12.5
155 13.3
135 14.2
125 15.1
110 16.8
95 19.5
80 22.8
70 28.2
1.6
50 74.8
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Table (4.5c) Influence of Feeder Parameters 
Stator resistance (Ω) Capacitance (µ F) Shunt resistance R 
(Ω)
325 9.8
265 10.5
205 11.9
185 12.8
160 13.4
155 13.9
135 15.4
125 16.2
110 18.1
95 21.1
80 25.3
70 31.2
3.0
50 98.2
 
Table (4.5d) Influence of Feeder Parameters 
Stator resistance (Ω) Capacitance (µ F) Shunt resistance R 
(Ω)
325 11.6
265 12.3
205 13.8
185 14.7
160 16.1
155 16.5
135 18.3
125 19.5
110 25.8
95 32.5
80 41.0
70 54.4
6.0
50 73.2
 
From the above results it can be noticed that an increase in the 
feeder resistance causes an increase in the required amount of shunt 
resistance. This confirms the general case of series resistance 
suppression. 
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Chapter Five 
  Effect of Capacitor 
Switching Modes 
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        In this chapter, the results of two switching modes of the 
compensating capacitor are reported for purposes of observing the 
effect on the stability of the given machine. For this purposes, Lucas 
Nulle Software was used   
 5.1 Lucas Nulle Software   
L@Bsoft displays and allows use of the prepared UniTr@in-I courses 
or user-generated courses. All laboratory equipment is provided in the 
form of virtual instruments which are used for real-time measurements 
or generation of output signals. 
L@Bsoft provides all the required equipment in the form of virtual 
instruments for measurement, evaluation, testing and signal generation.  
5.2 Effect of Switching 
In this mode, the compensating capacitor and shunt resistors are by-
passed to allow the machine settle into the no-load speed near 
synchronous as shown in Fig (5.1). The by-passing switch is then 
opened and the effect on speed of the compensating combination is 
observed. 
 
 
 
Fig 5.1 Switching and direct starting lab set up. 
 
Different values of capacitances and shunt resistances were set and 
accordingly, shots from Lucas Nulle oscilloscope were recorded. Stable 
condition, critical condition & unstable conditions were observed and 
recorded ( Fig 5.2 to Fig 5.15). 
 
 
  
S2
C
Rsh
 
3 ph supply
Taco-generator
Induction
Machine 
 
Lucas Nulle
Interface 
PC  
 
Shaft
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Fig 5.2 Plot of Speed vs Time (at direct starting). C = 155 µF, Rsh = 14.5 Ω, (stable 
condition). 
 
 
 
                                                                                         
Fig 5.3 Plot of Speed vs Time when the breaker S2 of shunt resistance and 
capacitor is suddenly opened after 4s. C = 155 µF, Rsh = 14.5 Ω, (stable condition). 
 
 41
 
Fig 5.4 Plot of Speed vs Time. (at direct starting). Ccr = 155 µF, R cr = 25.5 Ω, 
(critical condition).. 
 
 
 
 
Fig 5.5 Plot of Speed vs Time when the breaker S2 of shunt resistance and 
capacitor is suddenly opened after 10s. Ccr = 155 µF, R cr = 25.5 Ω, (critical 
condition)  
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For C = 110µF, Rsh = 114Ω, the machine can not directly start up. 
 
 
Fig 5.7 Plot of Speed vs Time when the breaker S2 of shunt resistance and 
capacitor is suddenly opened after 26s. C = 110 µF, Rsh = 114 Ω, (unstable 
condition). 
 
 
 
Fig 5.8 Plot of Speed vs Time. (at direct starting). C = 155 µF, Rsh = 45.1 Ω, 
(unstable condition).  
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Fig 5.9 Plot of Speed vs Time when the breaker S2 of shunt resistance and 
capacitor is suddenly opened after 30s. C = 155 µF, Rsh = 45.1 Ω, (unstable 
conditions).  
 
 
 
Fig 5.10 Plot of Speed vs Tim.(at direct starting). C = 135 µF, Rsh = 16.2 Ω, (stable 
condition). 
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Fig 5.11 Plot of Speed vs Time when the breaker S2 of shunt resistance and 
capacitor is suddenly opened after 30s. C = 135 µF, Rsh = 16.2 Ω, (stable 
condition). 
 
 
 
Fig 5.14 Plot of Speed vs Time.(at direct starting). C = 110 µF, Rsh = 18.6 Ω, 
(stable condition). 
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Fig 5.15 Plot of Speed vs Time when the breaker S2 of shunt resistance and 
capacitor is suddenly opened after 30s. C = 110 µF, Rsh = 18.6 Ω, (stable 
condition). 
 
      It can be clearly observed, looking into the two operational modes 
of switching and direct starting of the induction machine, that no 
change in the behavior of the machine for all conditions; stable, critical 
& unstable values of capacitances and shunt resistances were observed. 
Hence, we can conclude that switching mode has no effect on the 
performance of the induction machine.    
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                                        Chapter Six   
                           Conclusions 
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           1.  Series compensation is very effective in voltage control; 
however, it may introduce sub-synchronous oscillations which can lead 
to complete instability. 
2. The range of the series capacitors at which the machine will 
run into stable mode without any damping resistor was determined 
theoretically. However, it could not be verified experimentally because 
of the limited value of the available capacitors bank.   
3.  By increasing the value of capacitance, the voltage across 
machine terminals increases tremendously and might reach a value that 
can deteriorate the insulation of the windings. 
        4. The observation of the oscillations was only confined to speed 
during the experimental work.  This can be attributed to non-availability 
of recording facility that can provide us with the complete visualization 
of the current and voltage oscillation behaviour. 
        5. The calculated resonating speed was found to be consistent with 
that observed during the experiment.  
        6. The experimental values of shunt resistance were measured with 
a digital ohmmeter. The factor for a.c resistance could make a 
discrepancy between measured values of shunt resistor and theoretical 
values. 
         7.  The investigation confirmed that the switching sequence of the 
capacitor/damping resistor configuration has no influence on the 
stability of a given machine. 
         8.  Further investigation into the influence of parameters on the 
speed stability margins needs to be conducted. 
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APPENDIX (1) 
Induction motors –application considerations 
         By use of double-cage and deep-bar rotors, squirrel-cage motors 
can be designed to have the good starting characteristics resulting from 
high rotor resistance and at the same time the good running 
characteristics resulting from low rotor resistance. The design is 
necessarily somewhat of a comprise, however, and the motor lacks the 
flexibility of the wound-rotor motor should be used when starting 
requirements are very severe. 
         To meet the usual needs of industry, integral-horsepower 3-phase 
squirrel-cage motors are available from manufacturers stock in a range 
of standard ratings up to 200 hp at various standard frequencies, 
voltages, and speeds (Large motors are generally regarded as special-
purpose rather than general-purpose motors). According to the 
terminology established by the NEMA, several standard designs are 
available to meet various starting and running requirements. Briefly, the 
characteristics features of these designs are as follows: 
         Design Class A. Normal starting torque, normal starting current, 
low slip. This design usually has a low-resistance single-cage rotor. It 
emphasizes good running performance at the expense of starting. The 
full load slip is low and the full-load efficiency high. The maximum 
torque usually is well over 200 percent of full-load torque and occurs at 
a small slip (less than 2 percent). The starting torque at full voltage 
varies from about 200 percent of full-load torque in small motors to 
about 100 percent in large motors. The high starting current (500 to 800 
percent of full-load current when started at rated voltage) is the 
principal disadvantage of this design. In sizes bellow about 7.5 hp, 
these starting currents usually are within the limits on inrush current 
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which the distribution system supplying the motor can withstand, and 
across the-line starting at full voltage then can be used; otherwise, 
reduced voltage starting must be used. Reduced-voltage starting results 
in a decrease in starting torque, which in turn is proportional to the 
square of the voltage applied to the motor terminals. The reduced 
voltage for starting is usually obtained from an autotransformer, called 
a starting compensator, which may be manually operated or 
automatically operated by relays which cause full voltage to be applied 
after the motor is up to speed. If a smoother start is necessary, series 
resistance or reactance in the stator may be used. 
         The class A motor is the basic standard design in sizes bellow 
about 7.5 and above 200 hp. It is also used in intermediate ratings 
wherein design considerations of the Class B design. Its field of 
application is about the same as that of the Class B described below. 
         Design Class B. Normal starting torque, low starting current, low 
slip. This design has approximately the same starting torque as the 
Class A design with but 75 percent of the starting current. Full-voltage 
starting therefore may be used with larger sizes than with Class A. The 
starting current is reduced by designing for relatively high leakage 
reactance, and the starting torque is maintained by use of double-cage 
or deep-bar rotor. The full load slip and efficiency are good-about the 
same as for the class A design. However, the use of high reactance 
slightly decreases the power factor and decidedly lowers the maximum 
torque (usually only slightly over 200 percent of full-load torque being 
obtainable). 
         This design is the commonest in the 7.5 to 200-hp range of sizes. 
It is used for substantially constant-speed drives where starting-torque 
requirements are not severe, such as in driving fans, blowers, pumps, 
and machine tools. 
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         Design Class C. High starting torque, low starting current. This 
design uses double-cage rotor with higher rotor resistance than the 
Class B design. The result is a higher starting torque with low starting 
current but somewhat lower running efficiency and higher slip than the 
Class A and Class B designs. Typical applications are in driving 
compressors and conveyors. 
         Design Class D. High starting torque, high slip. This design 
usually has a single-cage high-resistance rotor (frequency brass bar). It 
produces very high starting torque at low starting current, high 
maximum torque at 50 to 100 percent slip, but runs at a high slip at full-
load (7 to 11 percent) and consequently has low running efficiency. Its 
principal uses are for driving intermittent loads involving high 
accelerating duty and for driving high-impact loads such as punch 
presses and shears. When driving high-impact loads, the motor is 
generally aided by a fly wheel which helps supply the impact and 
reduces the pulsations in power drawn from the supply system. A motor 
whose speed falls appreciably with increase in torque required in order 
than the flywheel may slow down and deliver some of its kinetic energy 
to the impact.[4].    
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APPENDIX (2)  
Derivation of Equations (2.3) and (2.4) 
         The resonant circuit of figure (2.1) must have an impedance equal 
to zero as viewed from any point in the network. It is more convenient 
to view the point in rotor circuit.  
For the sake of simplicity in deriving the following expression f 
will first be assumed equal to unity. It will be reinserted in the final 
result by dividing xc every where appears by f and multiplying the 
inductive reactance by f. In the circuit of figure (2.1) all reactance will 
be given in terms of there values at system frequency. The two 
resistances in the rotor can be combined into the single resistor (rr / s1) 
upon paralleling the capacitive branch with xm and adding to the rotor 
impedance as viewed from a point in the rotor becomes 
   [ j xm ( rs + j (xs - xc ))] / [  rs + j (xm + xs - xc )] + (rr / s1) + j xr = 0   
 ………………………….   (1) 
or 
 [ j xm ( rs + j (xs - xc ))] [rs - j (xm + xr - xc ) ] / [  rs2 + (xm + xs - xc )2] + (rr 
/ s1) = 0   ………………………..    (2) 
         The condition of self excitation of the circuit requires that both 
real and imaginary parts of the equation (2) are individually equal to 
zero. 
Equating imaginary part to zero, there is obtained: 
           
xm  rs2 + xm ( xs - xc ) (xm + xs - xc ) + xr rs2 + xr (xm + xs - xc )2 = 0 
from which: 
         rs2 = - (xm + xs - xc ) (xs + (xr xm / (xr + xm )) - xc ) ……….(3) 
and upon equating the real part to zero, there is obtained: 
        ( s1 / rr ) = [rs2 + (xm + xs - xc )2] / (xm2 rs) ……………………(4) 
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after squaring equation (4) and insertion of  rs from equation (3), there 
results: 
        ( s1 / rr )2 = - (xm + xs - xc ) / [ (xm + xr )2 (xs +  (xr xm / (xr + xm ))]  
          ……………………. (5) 
upon inserting f term, the equations (3) and (5) becomes: 
  rs2 = - ( f2 (xm + xs ) - xc ) (f2 (xs + (xr xm / (xr + xm ))) - xc ) / f2 ---(6) 
        (s1 / rr )2 = - (f2 (xm + xs ) - xc ) / ((f2 (xs +(xr xm / (xr + xm ))) - xc ) ( 
xm + xr )2 f2 )      ……………… (7) 
         The quantity (xm + xs ) represents the exciting reactance of the 
motor and will be designated xM ;  xs + (xr xm) / (xr + xm ) is the blocked 
rotor résistance for rr equal to zero and will be designated by xB . 
Equations (6) and (7) then become: 
          rs2 = - (f2 xM - xc ) (f2 xB - xc ) / f2   ……………………….(8) 
(s1 / rr )2 = - (f2 xM - xc )/ ((f2 xB - xc ) (xm + xr )2 f2 )     ……(9) 
Equations (8) and (9) correspond to equations (2.3) and (2.4) in chapter 
(2). 
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APPENDIX (3) 
Machine Parameters Determination 
         To determine the parameters of the equivalent circuit of the three-
phase induction motor, it is subjected to tests similar to open-circuit and 
short circuit tests for three-phase transformers. 
 No-load Test 
    Like the open-circuit test on a transformer, this test is performed to 
obtain the shunt parameters of the motor, which represents the 
magnetizing current and its core loss. The no-load test is taken at rated 
frequency, and the voltage applied to the motor is the rated voltage. 
         When the motor is running at no load, the slip is close to zero; 
therefore, n ≈ ns. Hence, the equivalent rotor resistance (R2/s) is large. 
Referring to the approximate circuit of Fig (1), the rotor impedance 
containing this large resistance is in parallel with the shunt magnetizing 
reactance Xm ;  the parallel compilation is approximately equal to jXm 
I1 jX1
jXm
I2
V
Zin
jX2 R2/s
Fig (1)
R1
 
Thus, the equivalent circuit of Fig. (1), reduces to the simple series 
equivalent circuit shown in Fig. (2). 
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I1 R1 jX1
jXmV
Fig (2)Approximate equivalent circuit for no-load test
 
  When the motor operates at rated voltage and rated frequency, 
the combined rotational losses including friction and windage loss, 
hysteresis  and eddy current loss, and stray load loss are assumed to 
remain constant at any load. This constant value of the rotational loss at 
no-load and is found as follows. 
Prot  =  Pnl  -  3Inl2R1 
         The three-phase induction motor is considered to be wye 
connected. Thus, the per-phase no-load resistance Rnl is found as  
Rnl  =   Pnl / 3Inl2  
Where  
Pnl  =  total power input at no-load 
Inl  =  stator current per-phase at no-load 
It may be noted that Rnl is different from R1 because the former includes 
the effects of the rotational losses and the no-load copper loss. 
         The per-phase no-load impedance is computed as  
Znl  =  Vnl / (√3 Inl )  =  Rnl  +  jXnl 
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Where Vnl is the line-to-line terminal voltage at no-load. Therefore, the 
per-phase no-load resistance is computed as follows: 
Xnl = √ ( Znl2  -  Rnl2 ) 
From the approximate equivalent circuit of Fig. (2), the apparent 
reactance is seen to be  
Xnl = X1 + Xm 
 DC Test 
   The stator resistance R1 may be assumed to be equal to its DC value. 
To find this value, a DC voltage is applied to two stator terminals of the 
motor and the current and applied voltage are measured. The stator 
resistance is computed as  
R1 = 0.5 (VDC / IDC) 
 Blocked-Rotor Test 
    In this test, the rotor of the induction motor is blocked so that it 
cannot rotate; therefore, s = 1. Thus, the three-phase motor appears like 
a short-circuited three-phase transformer. Similarly, a reduced three-
phase voltage is applied to the stator such that rated current will flow 
through the windings. 
         During normal running conditions of the induction motor, the 
rotor frequency is proportional to the slip. Therefore, when the 
performance of the motor I being investigated at, or near, rated loads (at 
low values of slip), the blocked-rotor test should be taken at lower 
frequency. A test frequency of 25% of rated frequency is recommended 
by the Institute of Electrical AND Electronics Engineers (IEEE). 
         The blocked-rotor resistance is found as follows: 
Rbl =  Pbl / 3Ibl2  
Where  
Pbl  =  total power input at blocked-rotor  
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Ibl  =   stator current per-phase at blocked-rotor 
The blocked-rotor impedance at the test frequency ftest is given by  
Zbl  =  Vbl / √3 Ibl  
The blocked-rotor reactance at the test frequency ftest is computed as  
Xbl.test  =    √( Zbl2   - Rbl2 )  
The blocked-rotor reactance computed at the test frequency is corrected 
to rated frequency by multiplying Xbl.test  by the ratio (frated / ftest): 
Xbl  =  (frated / ftest) Xbl.test   
         If the exciting current component of the stator current is 
neglected, the equivalent circuit of the induction motor shown in Fig.  
(1), reduces to that shown in Fig. (3) for the blocked-rotor conditions. 
         With the shunt magnetizing reactance neglected in the 
approximate equivalent circuit of Fig. (3), it is seen that the blocked-
rotor resistance and frequency –connected reactance are related to the 
series parameters as follows. 
Rbl  =  R1 + R2 
Xbl  =  X1 + X2 
V
R1 jX1 jX2 R2
Fig (3) Approximate equivalent circuit for blocked-rotor test.
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         The value of the stator resistance R1 is determined from the DC 
test. Thus, the rotor resistance R2 referred to the stator is computed as  
R2  =  Rbl - R1 
         There is no simple way to apportion the blocked-rotor reactance 
between the stator leakage reactance X1 and the rotor reactance X2 
referred to the stator. However, the performance of the induction motor 
is only slightly affected by the relative distribution of Xbl between X1 
and X2. Thus, it may be assumed that  
X1  =  X2  =  0.5 Xbl 
Hence, the value of the shunt magnetizing reactance is computed as  
Xm  =  Xnl -  X1.[5]. 
The electrical parameters of the machine were determined from 
the above mentioned tests for the base case induction motor; these are 
shown in table (i). 
Table (i).Induction motor determined electrical parameters. 
Stator 
resistance (Ω) 
Rotor resistance 
(Ω) 
Stator leakage 
reactance (Ω) 
Rotor leakage  
reactance (Ω) 
Magnetizing 
reactance 
(Ω) 
0.6 1.58 1.97 1.97 68 
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APPENDIX (4) 
Table (5.1). Experimentally measured and Calculated R (Ω) for 
available capacitances for the base case motor (rs = O.6Ω). 
Table (4.3a) Influence of the magnetizing reactance (xm = 30 Ω) 
Magnetizing reactance 
xm (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 9.9
265 10.9
205 13.2
185 22.4
160 26.7
155 44.0
135 Imaginary
125 Imaginary
110 Imaginary
95 Imaginary
80 Imaginary
70 Imaginary
30
50 Imaginary
 
 
Table (4.3b) Influence of the magnetizing reactance (xm = 40 Ω) 
             
Magnetizing reactance 
xm (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 9.3
265 10.1
205 11.7
185 12.6
160 14.1
155 14.5
135 16.7
125 18.3
110 22.0
95 29.7
80 70.8
70 Imaginary
40
50 Imaginary
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Table (4.3c). Influence of the magnetizing reactance (xm = 60 Ω) 
  
Magnetizing reactance 
xm (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.8
265 9.5
205 10.6
185 11.2
160 12.2
155 12.5
135 13.7
125 14.6
110 16.2
95 18.7
80 23.1
70 28.8
60
50 Imaginary
 
 
Table (4.3d). Influence of the magnetizing reactance (xm = 68 Ω) 
Magnetizing reactance 
xm (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.7
265 9.3
205 10.4
185 11.0
160 11.9
155 12.1
135 13.2
125 14.0
110 15.4
95 17.5
80 20.8
70 24.8
68
50 60.9
 
 
 
 
 
 
 61
Table (4.3e) Influence of the magnetizing reactance (xm = 80 Ω). 
Magnetizing reactance 
xm (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.6
265 9.2
205 10.2
185 10.7
160 11.5
155 11.7
135 12.7
125 13.4
110 14.6
95 16.3
80 19.0
70 21.7
80
50 36.7
 
 
Table (4.3f). Influence of the magnetizing reactance (xm = 90 Ω). 
Magnetizing reactance 
xm (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.6
265 9.1
205 10.0
185 10.5
160 11.3
155 11.5
135 12.4
125 13.0
110 14.1
95 15.7
80 18.0
70 20.2
90
50 30.8
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Table (4.3g). Influence of the magnetizing reactance (xm = 100 Ω). 
 
Magnetizing reactance 
xm (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.5
265 9.0
205 9.9
185 10.4
160 11.1
155 11.3
135 12.2
125 12.8
110 13.8
95 15.2
80 17.2
70 19.3
100
50 27.6
 
 
Table (4.3h). Influence of the magnetizing reactance (xm = 120 Ω). 
Magnetizing reactance 
xm (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.4
265 8.9
205 9.8
185 10.2
160 10.9
155 11.1
135 11.9
125 12.4
110 13.3
95 14.6
80 16.3
70 18.0
120
50 24.3
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Table (4.3i). Influence of the magnetizing reactance (xm = 130 Ω). 
Magnetizing reactance 
xm (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.4
265 8.8
205 9.7
185 10.1
160 10.8
155 11.0
135 11.8
125 12.3
110 13.1
95 14.3
80 16.0
70 17.6
130
50 23.2
 
 
Table (4.3j) Influence of the magnetizing reactance (xm = 140 Ω). 
Magnetizing reactance 
xm (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.4
265 8.8
205 9.7
185 10.1
160 10.7
155 11.0
135 11.7
125 12.1
110 13.0
95 14.2
80 15.8
70 17.2
.
140
50 22.5
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Table (4.3k). Influence of the magnetizing reactance (xm = 150 Ω). 
 
Magnetizing reactance 
xm (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.3
265 8.8
205 9.6
185 10.0
160 10.7
155 10.8
135 11.6
125 12.0
110 12.9
95 14.0
80 15.5
70 17.0
150
50 21.8
 
 
Table (4.4a) Influence of stator and rotor leakage reactances(xs=xr). 
 
Rotor leakage reactance 
(Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 0.65
265 0.75
205 0.91
185 0.99
160 1.13
155 1.16
135 1.33
125 1.44
110 1.66
95 2.00
80 2.62
70 3.43
0.01
50 18.93
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Table (4.4b) Influence of stator and rotor leakage reactances (xs=xr). 
Rotor leakage 
reactance (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 5.47
265 6.04
205 6.97
185 7.41
160 8.14
155 8.32
135 9.17
125 9.72
110 10.8
95 12.36
80 14.92
70 17.92
1.0
50 49.2
 
 
Table (4.4c) Influence of stator and rotor leakage reactances (xs=xr). 
 
Rotor leakage 
reactance (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 6.13
265 6.73
205 7.72
185 8.2
160 8.98
155 9.17
135 10.10
125 10.69
110 11.85
95 13.54
80 16.3
70 19.52
1.2
50 52.16
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Table (4.4d) Influence of stator and rotor leakage reactances (xs=xr). 
 
Rotor leakage 
reactance (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.73
265 9.3
205 10.41
185 10.97
160 11.89
155 12.12
135 13.24
125 13.97
110 15.39
95 17.46
80 20.84
70 24.76
1.97
50 60.95
 
 
Table (4.4e) Influence of stator and rotor leakage reactances (xs=xr). 
Rotor leakage 
reactance (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 8.84
265 9.42
205 10.51
185 11.10
160 12.00
155 12.23
135 13.36
125 14.10
110 15.52
95 17.60
80 21.00
70 24.94
2.0
50 61.23
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Table (4.4f) Influence of stator and rotor leakage reactances (xs=xr). 
Rotor leakage 
reactance (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 10.79
265 11.19
205 12.22
185 12.80
160 13.77
155 14.01
135 15.22
125 16.01
110 17.56
95 19.83
80 23.54
70 27.83
2.5
50 65.53
  
Table (4.4g) Influence of stator and rotor leakage reactances (xs=xr). 
Rotor leakage 
reactance (Ω)
Capacitance (µ F) Shunt resistance R 
(Ω)
325 13.17
265 13.14
205 14.00
185 14.54
160 15.52
155 15.77
135 17.03
125 17.86
110 19.51
95 21.93
80 25.90
70 30.48
3.0
50 69.18
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Figure (4.2).The influence of magnetizing reactance on the stability zone. 
In figure (4.2), the magnetizing reactance xm was varied from 40 up to 
150 ohms. By increasing xm, the instability zone extents to the right to 
include some values of xc that have been included in the stability zone 
of the base case ,the decreasing of xm has an opposite effect 
Decreasing of xm values may be due to saturation. 
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Figure (4.3).The influence of rotor leakage reactance on the stability zone 
. 
Influence of stator and rotor leakage reactances (xs=xr). 
See Appendix (4), table (4.4 a, b, c…h). 
In figure (4.3), xr was varied from zero up to 3 ohms. Increasing of xr 
compresses the curve (instability zone becomes narrower), this may be 
considered as an improvement of stability. 
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Figure(4.4).The influence of stator leakage reactance on the stability zone. 
 
In the above figure, xs was varied from zero up to 3 ohms. Increasing 
of xs has the same effect as xr. 
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Figure (4.5).The influence of stator resistance on the stability zone 
. 
In the above figure, rs was varied from zero up to six ohms. It is 
clear from the figure that the increasing of rs is very effective in 
stability improvement. 
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APPENDIX (5) 
 
Shunt Resistance for Critical Damping 
The equivalent circuit of figure (2.5) is shown below: 
 
 
 
 
 
 
Where: 
 Rs – jXc = rs – j (xc R/(R- j xc)) 
= rs + (R xc2 – j (R2 xc)) / (R2 + xc2) ………………..
 (1) 
Rs = rs + R xc2 / (R2+ xc2) 
= [ rs ( R2 + xc2) + (R2 xc2)] / (R2 + xc2)  ……………….   
(2)  
Dividing denominator and numerator in equation (2) by xc2 , we obtain  
 Rs = (rs (R2/x2c) + (rs+ R)) / (1+ R2/x2c))  …………
 (3) 
Similarly  
 Xc = R2 xc / (R2 + x2c)  
 = [(R/ xc)2 xc / (1+ (R/ xc)2)]  ……………..
 (4) 
Utilizing equation (3) in chapter two and the symbol Xc, Rs instead of 
xc, rs, the new equation results in:  
 R2s = - (xm + xs – Xc) (xs + (xr xm/ (xr +xm)) – Xc) ……….. (5) 
Letting  
 73
 xM = xs + xm     ………………… 
 (6) 
xB = xs + (xr xm/ (xr + xm))  ………………… 
 (7) 
Equation (5) becomes 
 Rs2 = (Xc - xM) (xB – Xc)   ………………... 
 (8) 
Substituting for Xc and Rs from equation (3) and (4)  
 [(rs + R + rs (R/xc)2/ (1+(R /xc)2)]2  
 = [((R/xc)2 xc / (1 + (R/ xc)2)) – xM ] ×  
     [xB –((R/ xc)2 xc / (1+ R/ xc)2))]    ………..
 (9) 
Therefore  
[(rs + R + rs (R/xc)2) / (1+ (R/xc)2)]2 
 = [(xB +xM) (R/xc)2 xc / (1+ (R/xc)2)]-  
  [((R / xc)2 xc / (R/xc)2))]2 – xM xB   ………    (10) 
Equation (10) can be rewritten as follow:  
 (rs + R)2 + 2rs (rs + R) (R/ xc)2 + r2s (R/xc)4  
 = (xB +xM) (R/xc)2 xc (1+ (R/xc)2) –  
  Xc2 (R/xc)4 – xM xB (1+ (R /xc)2)2   ……….   (11) 
Rearranging of equation (11) results in  
 [x2c- (xM + xB) xc + xM xB +r2s] (R/xc)4 + 2rs R3 / xc2 +     
  [x2c (xM + xB) xc + 2 (xM xB +r2s] (R/xc)2 + 2rs R +     
    (xM + xB +r2s) = 0   ………… (12) 
Dividing equation (12) by xc2, we obtain  
 [1- (xM + xB) / xc + (xM xB +r2s)/ x2c]  (R/xc)4 + 2rs xc (R/ xc)3 + 
 [1- (xM + xB) / xc +2 (xM xB +r2s] (R/xc)2 +      
   2 (rs/xc) (R/xc) + (xM xB + r2s)/ x2c = 0 ……..…(13) 
Inserting f in equation (13), we obtain  
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 [1- f2 (xM + xB) / xc + (f4xM xB +f2 rs2)/ x2c] (R/xc)3+  
  (1/f2) [1-f2 (xM +xB) /xc +2 (f4xM xB +f2 rs2)/ x2c] (R/xc)2+ 
  2f2(rs/xc) (R/xc) + (xM xB +(1/f2)rs2)/x2c = 0 ……..…(14) 
 
 For any value of xc and R there is specific resonating frequency. 
The value of resonating frequency changes by variation of R. 
Depending on the assumption that the stability can be obtained only if 
the resonating frequency is greater than or equals to synchronous 
frequency, the value of R that makes the resonating frequency equals to 
the synchronous frequency (f = 1), can be considered as shunt 
resistance for critical damping.  
 Substituting (f =1) in equation (14) and multiplying both sides by 
xc4, results in: 
 [1- (xM + xB) / xc + (xM xB + rs2)/ xc2] R4 +2rs R3 +  
   [1- (xM + xB) / xc + 2(xM xB + rs2)/ xc2] xc2 R2  
2 rs xc2 R + (xM xB + rs2) xc2 = 0  ……… (15) 
Equation (15) is corresponding to equation (8) in chapter (4). 
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Program (1) 
clc 
 f=.001;       i=0; 
  
 while f<=3  
       
  i=i+1; 
r=sqrt(-(69.97*f.^2-20.5361).*(3.8861*f.^2-
20.5361)/f.^2); 
     
     h(i)=r; 
     f=f+.05; 
  end 
   
 r=h; 
 f=[.001:.05:3]; 
  plot (f,r) 
  xlabel('NATURAL FREQUENCY f'); 
  YLABEL('STATOR RESISTAN  Rs'); 
 
 
Program (1) prints on the screen the command that can be used to plot 
the resonating characteristics of the base case induction motor (natural 
frequency f vs stator resistance rs), solution of equation (3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 76
Program (2) 
clc 
 f=.001;       i=0; 
  
 while f<=3  
       
  i=i+1; 
 r=sqrt(-(69.97*f.^2-9.97)./((1.914*f.^2-
9.97)*69.97*f.^2)); 
     h(i)=r; 
     f=f+.05; 
  end 
   
 r=h; 
 f=[.001:.05:3]; 
  plot(f,r) 
  xlabel('NATURAL FREQUENCY'); 
  YLABEL('SLIP   Si/Rr'); 
 
 
Program (2) prints on the screen the command that can be used to plot 
the resonating characteristics of the base case induction motor (natural  
frequency f vs slip s1/r), the solution of equation (4). 
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Program (3) 
clc 
 f=.001;       i=0; 
  
 while f<=3  
       
  i=i+1; 
r=sqrt(-(69.97*f.^2-20.5361).*(3.8861*f.^2-20.5361)/f.^2); 
     
     h(i)=r; 
     f=f+.05; 
  end 
 i=0;  f=.001; 
 while f<=3  
       
  i=i+1; 
r1=sqrt(-(69.97*f.^2-9.97)./((1.914*f.^2-9.97)*69.97*f.^2)); 
     
     h1(i)=r1; 
     f=f+.05; 
  end 
   
 
 r1=h1*30; 
 f=[.001:.05:3]; 
   
 r=h; 
  
  plot(f,r,f,r1) 
  xlabel('NATURAL FREQUENCY f'); 
  YLABEL('STATOR RESISTAN  Rs'); 
 
 Program (3) prints on the screen the command that can be used to plot 
the resonating characteristics of the base case induction motor (natural  
frequency f vs slip s1/r & rs), the solution of equation (3) & (4). 
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Program (4) 
clc 
clear 
xr=1.97; 
xn=68; 
xs=xr; 
xm=xs+xn; 
xb=xs+xr*xn/(xr+xn); 
rs=.6; 
q=.1:.5:120; 
xc=(100.*pi.*q.*10.^(-6)).^(-1); 
for n=1:length(xc) 
a=(1-(xm+xb)/xc(n)+(xm*xb+rs^2)/xc(n)^2); 
b=2*rs; 
r=(1-(xm+xb)/xc(n)+2*(xm*xb+rs^2)/xc(n)^2)*xc(n)^2; 
z=2*rs*xc(n)^2; 
l=(rs^2+xm*xb)*xc(n)^2; 
r1=roots([a b r z l]); 
re=real(r); 
for w=1:2   
    if re(w)>0 
        r2(n)=re(w); 
    end 
end 
end 
plot(xc,r2) 
 
The above program can be used to calculate the roots of equation (8) 
i.e. the value of shunt resistance for critical damping, and to plot on the 
screen shunt resistance Rs vs series capacitors xc  
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Program (5) 
clc 
clear 
xr=1.97; 
n=0; 
xn=68; 
xs=xr; 
xm=xs+xn; 
xb=xs+xr*xn/(xr+xn); 
for rs=[.6 1.6 3 6] 
   
for c=.1:1:120 
    n=n+1; 
    %xc(n)=(100*pi*q*10^(-6))^(-1); 
    xc(n)=c; 
a=(1-(xm+xb)/xc(n)+(xm*xb+rs^2)/xc(n)^2); 
b=2*rs; 
r=(1-(xm+xb)/xc(n)+2*(xm*xb+rs^2)/xc(n)^2)*xc(n)^2; 
z=2*rs*xc(n)^2; 
l=(rs^2+xm*xb)*xc(n)^2; 
p=[a b r z l]; 
r1=roots(p); 
for aa=1:4 
    if (imag(r1(aa))==0)&&(real(r1(aa))>0) 
        r2(n)=r1(aa); 
        xc1(n)=xc(n); 
    end 
end 
end 
xc1(1:4)=[]; 
r2(1:4)=[]; 
plot(xc1,r2) 
hold on 
    n=0; 
end 
hold off 
axis([0 120 0 120]) 
xlabel('CAPACITIVE REACTANCE') 
ylabel('SHUNT RESISTANCE') 
 
Program (4) prints on the screen the command that can be used to plot 
the variation of shunt resistance for critical damping with the capacitive 
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reactance, showing the influence of stator resistance on the stability 
zone, as well as the influence of magnetizing reactance, stator leakage 
reactance and rotor leakage reactance.   
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